This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background/Aims: Arctigenin possesses biological activities, but its underlying mechanisms at the cellular and ion channel levels are not completely understood. Therefore, the present study was designed to identify the anti-arrhythmia effect of arctigenin in vivo, as well as its cellular targets and mechanisms. Methods: A rat arrhythmia model was established via continuous aconitine infusion, and the onset times of ventricular premature contraction, ventricular tachycardia and death were recorded. The Action Potential Duration (APD), sodium current (I Na ), L-type calcium current (I Ca, L ) and transient outward potassium current (I to ) were measured and analysed using a patch-clamp recording technique in normal rat cardiomyocytes and myocytes of arrhythmia aconitine-induced by. Results: Arctigenin significantly delayed the arrhythmia onset in the aconitine-induced rat model. The 50% and 90% repolarisations (APD 50 and APD 90 ) were shortened by 100 µM arctigenin; the arctigenin dose also inhibited the prolongation of APD 50 and APD 90 caused by 1 µM aconitine. Arctigenin inhibited I Na and I Ca,L and attenuated the aconitine-increased I Na and I Ca,L by accelerating the activation process and delaying the inactivation process. Arctigenin enhanced I to by facilitating the activation process and delaying the inactivation process, and recoverd the decreased I to induced by aconitine. Conclusions: Arctigenin has displayed anti-arrhythmia effects, both in vivo and in vitro. In the context of electrophysiology, I Na , I Ca, L , and I to may be multiple targets of arctigenin, leading to its antiarrhythmic effect.
Introduction
The antiarrhythmic effects of agents commonly used in the clinic act by blocking sodium [1] , potassium [2] and calcium ion channels [3] . However, blocking these channels may also cause proarrhythmias [4] , which arouses concerns. Therefore, recent studies are focused on finding new targets and new mechanisms for arrhythmias.
Malfunctioning ion channels during the pathological state are crucial for arrhythmia induction. Recovering the unbalanced ion currents by regulating ion channel equilibrium may help mitigate arrhythmias. Antiarrhythmic agents correct ion transport disorders across the membrane of myocardial cells through different mechanisms. Aconitine is an alkaloid extracted from Aconitum, Radix Aconiti Kusnezoffii or Radix Aconiti Lateralis Preparata that may provoke ventricular arrhythmias in rats [5] . In addition, aconitine led to "arrhythmias" at the cellular level that can be used as a model while screening antiarrhymic drugs [6] . The targets of aconitine include APD, I Na , I Ca, L , and I to ; these targets may be critically involved in both arrhythmic and antiarrhythmic processes. Arctigenin, a lignan extract from Fructus Arctii, the dried fruit of Arctium Lappa L. (Compositae), reportedly possesses anti-inflammatory, immunomodulatory, antiviral, antitumor, antioxidant, vasodilatory and anti-platelet-aggregation properties [7] . Nevertheless, little is known about the effects of arctigenin on the ion channels of rat ventricular myocytes exposed to aconitine. Accordingly, in this study we investigated the anti-arrhythmic effect of arctigenin in vivo, as well as the cellular mechanism of action in rat cardiomyocytes with aconitine-induced arrhythmias.
Materials and Methods

Animals
Wistar rats (250-300 g, half male and half female) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing, China) and housed at 22 ± 2 °C with 55 ± 10% humidity, a 12 h light/ dark cycle, and free access to food and tap water. All experiments were carried out according to the Guide for the Care and Use of Experimental Animals. The studies were approved by the Institute Committee of the Animal Care of Nankai University and Tianjin Medical University.
Chemicals
Arctigenin and aconitine were obtained from the National Institute for Food and Drug Control (Beijing, China). The arctigenin was dissolved in DMSO to prepare a 0.1 M stock solution. HEPES, taurine, Na 2 -ATP, Mg-ATP, aspartate, K-asparate, egtazic acid (EGTA), tris base and creatine phosphate disodium were purchased from Sigma-Aldrich (St. Louis., MO, USA). Collagenase (type II) and bovine serum albumin (BSA) were purchased from Invitrogen (Carlsbad, CA, USA). All other reagents were of analytical grade. 
Solutions
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Establishment of the arrhythmic model Wistar rats were anesthetised with 25% urethane (0.4 g/100 g). The Lead II electrocardiograms (ECGs) were recorded with a BL-420S Biological Data Acquisition & Analysis System (Chengdu Technology & Market Corp. Ltd, China). The ECGs were measured as described which was only measured in beats that originated from the sino-atrial node [9] . Normal Saline (N.S.), arctigenin solution (2 mM, 1 mM) and vehicle solution (1% DMSO) were administrated continuously through superficial femoral vein at a velocity of 0.1 ml/min for 8 min. After stabilisation for 5 min, aconitine (10 µg/ml) was infused continuously at the same speed. The ECGs of the different groups were recorded with the onset time of ventricular premature contraction (VP), ventricular tachycardia (VT) and death.
Cell preparations
Single ventricular myocytes were isolated from adult rat hearts via enzymatic dissociation as previously described [10] . Briefly, the rats were anesthetised with 25% urethane (0.4 g/100 g). Their hearts were excised rapidly and retrogradely perfused on a Langendorff apparatus with a Ca 2+ -free Tyrode's solution for 5 min before the perfusate was switched to an enzymatic solution for 15 min. The perfusate was finally changed to Kreb's solution for 5 min. The perfusates were bubbled with 95% O 2 + 5% CO 2 and maintained at 37 °C. The ventricles were cut into small chunks and gently agitated in Kreb's solution. The cells were filtered through nylon mesh (pore size 200 μm) and stored in Kreb's solution at 4 °C.
Recording of action potentials
Action potentials were elicited at 1 Hz by 2 ms current pulses applied using the patch pipette. The action potential durations at 50% and 90% repolarisation (APD 50 and APD 90 ), resting membrane potential (V m ), and overshot (OS) were measured.
Whole cell patch clamp recording
Cell suspensions were transferred into a chamber on the stage of an Olympus IX51 inverted microscope (Tokyo, Japan). The whole-cell recordings were performed using isolated single ventricular myocytes. Glass microelectrodes were constructed with a Model P-97 microelectrode puller (Sutter Instrument Co, USA) by two-stage pulling and had a resistance of 3.0-8.0 MΩ when filled with the internal electrode solution. The sodium currents, L-type calcium currents and potassium currents were recorded with an Axopatch 700B amplifer (Axon Instruments, Foster City, CA, USA) and digitised at 2-10 kHz with an analogue-to-digital Digit Data 1440A converter. The pCLAMP 10.0 software was used to generate voltage clamp protocols, acquire data, and analyse the current traces. The whole-cell series resistance was compensated to more than 80%. Current traces were presented by current density (pA/pF). All of the experiments were performed at room temperature (23 ± 1 °C). The whole-cell I Na was elicited from a -90 mV holding potential to test potentials from -90 to +25 mV in 5 mV increments. The I Na was calculated as the difference between the peak inward current and the holding current level. The whole-cell I Ca,L was elicited from a -50 mV holding potential to test potentials from -50 to +65 mV in 5 mV increments. The I Ca,L was calculated as the difference between the peak inward current and the holding current level. The whole-cell I to was elicited from a -50 mV holding potential to test potentials from -50 to +65 mV in 5 mV increments.
Statistics
The data were presented as the Mean ± SD. The curves were fitted with pCLAMP 10.0 (Axon Instruments) and software Origin 6.0. The statistical significance was determined using a t-test when comparing two groups and ANOVA when comparing multiple groups. A value of P < 0.05 was considered statistically significant.
Results
Effect of arctigenin on arrhythmias induced by aconitine
In the vehicle group, aconitine (10 µg/ml) induced arrhythmias shortly after infusion at 0.1 ml/min; the onset times of VP, VT and death were 3.78±0.93 min, 4.65±0.91 min and 16.32±1.02 min, respectively. Arctigenin pre-treatment significantly delayed the onset of aconitine-induced arrhythmias in a concentration-dependent manner. In 1 mM arctigenin Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry pretreated group, the onset times of VP, VT and death were 9.87±0.44 min, 12.58±1.20 min and 21.22±1.89 min, respectively. In 2 mM arctigenin pretreated group, the onset times of VP, VT and death were 11.83±0.93 min, 16.47±1.81 min and 26.55±2.06 min, respectively. There were significant differences between the vehicle group and arctigenin pre-treated groups (P < 0.01) (Fig. 1) .
Effects of arctigenin on APD
To evaluate the effects of arctigenin, the action potential was recorded before and after the arctigenin treatments of rat ventricular myocytes driven at 1 Hz. Aconitine prolonged the action potential duration at 50% and 90% repolarisation (APD 50 and APD 90 ) which were attenuated by 100 µM arctigenin treatment. The cell membrane was hyperpolarised by 100 µM arctigenin, and the resting potential changed from -75.9±2.81 mV to -80.7±3.76 mV. Both the APD 50 and APD 90 were shortened by 100 µM arctigenin ( Table 1) .
Effects of arctigenin on the sodium currents
Compared to the control group, arctigenin inhibited I Na with current-voltage curve moving upward (Fig. 2) . Arctigenin (100 μM) delayed the activation process (P < 0.05) but had no effect on inactivation process. In contrast, aconitinine (1 μM) increased I Na by facilitating the activation process and delaying the inactivation process (Fig. 3) . The steady- Fig. 1 . Onset time of arrhythmias among different groups after continuous aconitine administration through the femoral vein (Means±SD, n=6). In the vehicle (1% DMSO) group, aconitine (10 µg/ml) induced arrhythmias shortly after infusion began at 0.1 ml/min, while the arctigenin pre-treatment significantly prolonged the onset of the aconitine-induced arrhythmias in a concentration-dependent manner (1 mM, 2 mM). There were significant differences between the onset time of VP, VT and death between the vehicle group and the arctigenin pretreated groups ( ** P < 0.01). Arc: arctigenin; Acon: aconitine; VP: ventricular premature contraction; VT: ventricular tachycardia.
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Cellular Physiology and Biochemistry state activation and inactivation curves of aconitinine were both shifted toward the left with the V 1/2 of activation and inactivation changed from -62.25 ± 1.24 mV and -80.44 ± 1.27 mV to -65.79 ± 1.21 mV (P < 0.05) and -71.41±1.67 mV (P < 0.01), respectively; however, arctigenin (100 μM) changed the V 1/2 of activation and inactivation to -60.04 ± 1.38 mV (P < 0.05) and -71.85 ± 1.71 mV (P > 0.05), respectively.
Effects of arctigenin on the L-type calcium currents
Compared to the control group, arctigenin (100, 10 and 1 μM) inhibited I Ca,L by delaying the activation process; the half activation potentials were -6.24±1.42 mV (P < 0.01), -9.12±1.54 mV (P > 0.05) and -9.64±1.51 mV (P > 0.05) vs -9.65±1.50 mV in control group (Fig. 4) . However, the inactivation process remained unchanged: -22.32±1.65 mV, -22.36±1.85 mV and -22.38±1.56 mV (P > 0.05 vs control). Aconitinine (1 μM) increased I Ca,L by accelerating the activation process and delaying the inactivation process (Fig. 5) . The Aconitine is a specific sodium channel agonist and can prolong the open state of the channels [12] , inducing intracellular Na + accumulation and Ca 2+ overload; therefore, exposure to aconitine may eventually cause polymorphic arrhythmias, including ventricular bigeminy, tachycardia and ventricular fibrillation. Consequently, aconitine has been widely used as an experimental tool for inducing cardiac arrhythmias in various animals [13] . We adopted the aconitine-induced arrhythmic rat and cellular models to investigate the anti-arrhythmia effect of arctigenin and the underlying electrophysiological mechanism. In the aconitine- induced rat arrhythmia model, aconitine induced arrhythmias shortly after infusion began, while arctigenin pre-treatment significantly delayed the onset of arrhythmias in a concentration-dependent manner, revealing the antiarrhythmic effects of arctigenin in vivo.
The voltage-gated Na + channel is primarily responsible for generating and propagating the action potential (AP) in excitable tissues. In the heart, disturbing the activity of voltagegated sodium channels significantly influences the excitation of cardiomyocytes; this excitation is crucial for the pathogenesis of arrhythmias. When cells are under abnormal conditions, such as injury or hypoxia, the Na + influx leads to intracellular calcium overload via Na + -Ca 2+ exchange, causing the arrhythmias. Aconitine induces arrhythmias by promoting the Na + influx and the autorhythmicity of the ectopic pacemakers [6, 14, 15] . Arctigenin decreased the sodium currents and shifted the voltage-current relationship curve upward, suggesting that arctigenin inhibits sodium channels in rat ventricular myocytes; this conclusion is consistent with the arctigenin-mediated inhibition of the aconitineinduced elevated action potential overshot. The kinetic data for sodium channels indicated that arctigenin shifted the steady-state activation curves toward the right but did not affect the steady-state inactivation curves. Therefore, arctigenin inhibited I Na by slowing the steady-state activation. However, excessive inhibition of sodium channels may also lead to arrhythmias. For example, quinidine is a sodium channel blocker that exhibits various side effects, including cardiac arrest, conduction blockages and abnormal myocardial excitement. In this study, arctigenin displayed moderate sodium blocking effects, and probably possess lower arrhythmogenic risk.
I Ca,L is crucial for the depolarisation and repolarisation of action potentials and cellular contraction. The L-type Ca 2+ channels in cardiac myocytes are important during the generation of action potentials under physiological and pathophysiological conditions, such as arrhythmias [16, 17] . Furthermore, the L-type Ca 2+ channels play critical roles during 
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Ca 2+ influx in cardiac cells. Intracellular calcium overload may lead to triggered activity in heart. Arctigenin significantly decreased the aconitine-enhanced I Ca,L and shifted the steadystate activation curves toward the right; however, this compound did not affect steady-state inactivation curves. Taken together, these results provided electrophysiological evidence that arctigenin relieved the aconitine-induced abnormal calcium current changes by slowing the steady-state activation.
The K + channel produces I to and is another target for antiarrhythmic drugs [18] [19] [20] . In this study, aconitine inhibited I to , but this effect was alleviated by arctigenin, indicating that arctigenin enhanced the outward potassium current. The enhanced I to could accelerate the myocardial repolarisation and increase resting membrane potential, subsequently affecting the atrioventricular blockage. However, the increased I to might enhance hyperpolarisation and reinforce membrane stability, revealing its potential antiarrhythmic action.
Inhibiting inward current by blocking sodium and calcium channels may cause slower conductivity, reduced excitability, sinus-atrium and atrium-ventricle blockades with subsequent bradycardia, contribute to the re-entry by unidirectional blockages or slowed conductivity, or greatly shorten the APD by loss of the plateau in the action potential. In the latter, blocking sodium and calcium channels increases the transmural dispersion of ventricular repolarisation. Inhibiting the repolarisation of the outward currents usually generates a prolonged APD rapidly after depolarisation. However, because the APD is often prolonged with heterogeneity, drugs that inhibit the outward currents normally increase the TDR and eventually cause Torsade de points (TdP) [21] . According to "Principles for Best Targets of Antiarrhythmic Drugs", ion channels on myocardial cell membranes remain balanced under normal conditions. However, there is a risk that the equilibrium may be disturbed if the targeted ion channels on myocardial membrane are affected. An ideal antiarrhythmic drug should have three or more targets and mildly affect each channel. Accordingly, arctigenin demonstrated its mild antiarrhythmic effects and low arrhythmogenic features by harmoniously inhibiting I Na and I Ca, L while increasing I to in accordance with the above-mentioned principles.
The extracts of the fruits, roots and leaves of Arctium lappa L. can inhibit liposome peroxidation, scavenge the free radicals in myocardial cells and inhibit apoptosis [7, 22, 23] . The anti-inflammatory, fatigue resistance and immunoregulatory effects of arctigenin also contribute to its antiarrhythmic effect. The effects of arctigenin on myocardial cell membrane receptors and enzymes, as well as autonomic nervous function, myocardial autorhythmicity, and conductivity, remain open to further exploration.
In summary, this study provided both in vivo and electrophysiological evidences for the anti-arrhythmia effect of arctigenin; this compound mitigated the disturbances in ion channel function by affecting the currents and the activation/inactivation and action potential of rat myocardial cells. This study laid a foundation for the further investigation and application of the anti-arrhythmic effect displayed by arctigenin.
